Introduction
============

Lung cancer remains the leading cause of cancer-related mortality in the USA.[@b1-ott-10-1983] Targeting genomic alterations has led to a paradigm shift in the treatment of patients with lung cancer. The majority of patients harboring fusions involving the *ALK* gene, most commonly *EML4--ALK* ([Figure 1](#f1-ott-10-1983){ref-type="fig"}), respond to ALK tyrosine kinase inhibition with the Food and Drug Administration-approved agents crizotinib, ceritinib, and alectinib;[@b2-ott-10-1983] however, patients universally develop acquired resistance to targeted therapy, and a better understanding of the molecular mechanisms underlying resistance and how to sequence these therapeutics is needed.[@b3-ott-10-1983]

In the setting of acquired resistance to crizotinib, \~30% of patients present with ALK-dependent mechanisms including *ALK* amplification and *ALK* mutation. The proportion of patients that develop *ALK* mutations in the setting of acquired resistance increases after treatment with the second-generation tyrosine kinase inhibitors (TKIs), alectinib and ceritinib. The *ALK* mutations most commonly found after TKI exposure include: L1196M for crizotinib, G1202R and compound *ALK* mutations after ceritinib, and G1202R after alectinib.[@b4-ott-10-1983],[@b5-ott-10-1983] Beyond ALK-dependent mechanisms of acquired resistance, the activation of alternative pathway-mediated survival signals (bypass pathways involving epidermal growth factor receptor \[EGFR\], KIT, insulin growth factor 1 receptor \[IGF-1R\], hepatocyte growth factor receptor MET/HGFR, and Kirsten rat sarcoma) has been observed. Other mechanisms that may be responsible for disease progression include suboptimal central nervous system penetration, epithelial to mesenchymal transition, and microenvironment dynamics. Furthermore, different mechanisms may coexist in the same patient.[@b6-ott-10-1983]

Brigatinib (AP26113) is an orally administered ALK TKI that has broad-spectrum preclinical activity against a variety of *ALK* mutations that potentially mediate resistance to other ALK TKIs.[@b7-ott-10-1983] This review will focus on the development of brigatinib, including its pharmacology, safety, and efficacy.

Preclinical data
================

Drug discovery and pharmacology
-------------------------------

The high sequence homology of ALK with other members of the insulin receptor superfamily poses a significant challenge to the design of ALK-selective inhibitors. In 2009, Shakespeare et al reported the identification of a series of compounds that inhibit ALK both in vitro and in vivo, while maintaining relative selectivity over the homologous (IGF-1R) and insulin receptor kinase.[@b8-ott-10-1983] A compound from this series, AP26113, later named brigatinib, inhibited the kinase activity of ALK, IGF-1R, and the insulin receptor kinase with IC~50~ values of 0.58, 38, and 262 nmol/L, respectively. For control cell lines that did not express ALK, the IC~50~ for proliferation was \>1,000 nmol/L. Daily oral administration of brigatinib to mice bearing subcutaneous xenografts of *ALK*-rearranged anaplastic large cell lymphoma (ALCL) Karpas-299 cells elicited a dose-dependent antitumor effect, with near-complete tumor regression observed at the highest doses of 50 and 100 mg/kg. In rats, doses that achieved plasma levels that were effective in the Karpas-299 mouse model had no effect on either insulin or glucose levels, supporting its relative selectivity for ALK.[@b8-ott-10-1983]

In contrast to crizotinib that is constructed around an aminopyridine scaffold, brigatinib is constructed around a bisanilinopyrimidine scaffold. This scaffold occupies the adenosine triphosphate-binding site of ALK in a U-shaped conformation.[@b9-ott-10-1983],[@b10-ott-10-1983] Two aniline groups are attached to the C2 and C4 positions of the pyrimidine core (shown in red in [Figure 2](#f2-ott-10-1983){ref-type="fig"}), and a chlorine atom is attached to C5. In addition, there is a methoxy substituent and an extended solubilization group on the aniline at C2. The former binds to a pocket located under the ALK L1198 hinge residue, and the latter fills part of the ribose-binding pocket and interacts with additional residues. The chlorine atom at C5 interacts with the ALK L1196 gatekeeper residue.

Also unique to the development of brigatinib is the inclusion of a phosphorous-containing dimethylphosphine oxide (DMPO) group. The DMPO group was incorporated as a hydrogen bond acceptor on the aniline at C4 (shown in blue in [Figure 2](#f2-ott-10-1983){ref-type="fig"}) and increased activity against ALK by \~7-fold relative to the unsubstituted analog.[@b10-ott-10-1983] This moiety interacts with a small pre-DFG (aspartic acid, phenylalanine, and glycine) pocket and with the ALK K1150 catalytic lysine.[@b10-ott-10-1983] The DMPO structural feature of brigatinib is critical for balancing ALK potency and selectivity over the highly homologous IGF-1R and insulin receptor kinases. These features impart several important properties, including increased aqueous solubility, decreased lipophilicity, and reduced protein binding.[@b10-ott-10-1983]

In vitro kinase activity
------------------------

To assess the kinase selectivity profile of brigatinib beyond ALK, IGF-1R, and the insulin receptor, the drug was screened against a panel of 289 kinases and mutants and isoforms (in vitro HotSpot^SM^ kinase assay). Brigatinib inhibited eleven additional native or mutant kinases with IC~50~ \<10 nmol/L. Among these kinases were ROS1 and FLT3 (IC~50~ values of 1.9 and 2.1 nmol/L, respectively). The drug exhibited more modest activity against T790M-mutant EGFR and, as previously mentioned, IGF-1R and the insulin receptor (IC~50~ 29--160 nmol/L).

The activity of brigatinib was also examined in cellular assays. Consistent with the kinase assay data, brigatinib inhibited ALK and ROS1 with similar potencies (IC~50S~ of 14 and 18 nmol/L, respectively). Compared to ALK, brigatinib inhibited FLT3, mutant variants of FLT3, T790M-mutant EGFR, and IGF-1R with \~11-fold to 35-fold lower potency. Brigatinib did not show significant activity toward the insulin receptor, wild-type EGFR, or MET (IC~50~ \>1,000 nmol/L).[@b10-ott-10-1983]

In 2012, Rivera et al studied brigatinib's activity as a reversible inhibitor of activated EGFR (exon 19 deletion and L858R-mutant) as well as T790M-mutant EGFR in non-small cell lung cancer (NSCLC). Ba/F3 cell lines were used to characterize the activity of the drug against wild-type or activated EGFR (exon 19 del E746_A750) with or without T790M. In Ba/F3 cell lines expressing EGFR with an exon 19 deletion, brigatinib inhibited EGFR phosphorylation and viability with IC~50s~ of 75 and 114 nmol/L, respectively. In Ba/F3 cells expressing EGFR^T790M^, the drug inhibited EGFR phosphorylation and viability with IC~50s~ of 15 and 281 nM, respectively. Brigatinib also exhibited in vivo potency against HCC827 (NSCLC) cells expressing *EGFR* exon 19 deletions or the T790M mutation in a xenograft model. Brigatinib did not inhibit wild-type EGFR phosphorylation in an NSCLC cell line (H358) or in engineered Ba/F3 cells (IC~50~ \>3,000 nmol/L). Effective doses in mice against activated and T790M-mutant EGFR are similar to doses active against crizotinib-resistant *ALK* variants such as L1196M.[@b11-ott-10-1983]

In 2013, Squillace et al showed that brigatinib effectively inhibited the viability of Ba/F3 cells expressing CD74-ROS1 (IC~50~ 18 nmol/L), FIG-ROS1 (IC~50~ 31 nmol/L), SDC4-ROS1 (IC~50~ 16 nmol/L), and EZR-ROS1 (IC~50~ 41 nmol/L). Ba/F3 cells driven by the *ROS1* L2026M gatekeeper-mutant forms of *CD74-ROS1* and *FIG-ROS1* were developed to test the drug's activity. The inhibitory capacity of brigatinib was unaffected by the *ROS1* L2026M gatekeeper mutation. In contrast, crizotinib potencies were reduced \~4-fold.[@b12-ott-10-1983]

Preclinical activity against *ALK* mutations
--------------------------------------------

*ALK* kinase domain mutations have been identified as a major mechanism for the development of ALK TKI resistance. An in vitro mutagenesis screen in Ba/F3 cells expressing native EML4--ALK was performed by Zhang et al,[@b13-ott-10-1983] with cells grown in plates containing various concentrations of brigatinib, crizotinib, ceritinib, and alectinib. DNA was extracted from the resistant cells and the *ALK* kinase region was sequenced. Treatment with 500 nmol/L brigatinib was sufficient to suppress the emergence of any mutant, whereas higher concentrations of all of the other TKIs (1,000 nmol/L) were needed. The same group generated a panel of Ba/F3 cell lines containing native EML4-ALK, or 17 variants of *ALK* mutations that were either previously associated with clinical resistance or identified in the aforementioned muta-genesis screen. Brigatinib was a potent inhibitor of native EML4--ALK (IC~50~ 14 nmol/L), with crizotinib, ceritinib, and alectinib having IC~50~ of 107, 37, and 25 nmol/L, respectively. Brigatinib was active (IC~50s~ \<200 nmol/L) against all resistant mutations tested. These include F1174C/V, I1171N, and G1202R mutations, which have been reported in patients with progression of disease on ceritinib and alectinib. Brigatinib inhibited five mutants with ≥3-fold greater potency than ceritinib (G1269A, C1156Y, L1152R/P, and L1198F) and inhibited six mutants with ≥3-fold greater potency than alectinib (L1152R, I1171N, V1180L, L1196M, G1202R, and G1269A). Furthermore, brigatinib demonstrated greater activity than crizotinib for all mutants, except L1198F. Brigatinib also had the greatest selectivity over parental cells and exhibited \>17-fold selectivity for all mutants, with G1202R being the most resistant in relative terms (IC~50~ 184 nmol/L). These results suggest that brigatinib is a highly potent ALK inhibitor, with substantial in vitro activity against select *ALK* secondary resistance mutations when compared to crizotinib, ceritinib, and alectinib.

Additional in vitro and in vivo activity
----------------------------------------

In 2010, Rivera et al first reported the preclinical efficacy and activity of brigatinib in comparison with crizotinib, establishing brigatinib as a potent ALK inhibitor with a broad therapeutic index.[@b14-ott-10-1983] In a panel of seven *ALK*-rearranged ALCL and NSCLC cell lines, the concentration of brigatinib that inhibited ALK phosphorylation by 50% (GI^50^) ranged from 4 to 31 nmol/L. It demonstrated 100-fold selectivity for *ALK*-rearranged versus *ALK* wild-type cell lines.

To study the in vivo efficacy of brigatinib as compared to crizotinib, severe combined immunodeficiency beige mice were implanted subcutaneously with either *ALK*-rearranged ALCL Karpas-299 or *ALK*-rearranged NSCLC H2228 cells and dosed orally with brigatinib (10, 25, or 50 mg/kg once daily) or crizotinib (25, 50, or 100 mg/kg once daily) for 14 days (Karpas-299) or 21 days (H2228). Tumor regression was observed at significantly lower doses of brigatinib compared to crizotinib: brigatinib was dosed at 25 mg/kg (ALCL) and 10 mg/kg (NSCLC), in comparison with crizotinib dosed at 100 mg/kg. In a pharmacokinetic/pharmacodynamic study in the ALCL model, inhibition of ALK phosphorylation after administration of 100 mg/kg of crizotinib was intermediate between that observed after administration of 10 or 25 mg/kg of brigatinib. Results from the analysis of plasma levels of each drug showed that brigatinib had equivalent efficacy to crizotinib at 4- to 10-fold lower levels of exposure (AUC and 24-hour trough plasma levels). Brigatinib had 10-fold greater potency and a 10-fold broader therapeutic index than crizotinib. Early animal studies showed favorable features of brigatinib, including good oral bioavailability across multiple animal species, moderate in vitro plasma binding (mouse, rat, monkey, and human plasma), as well as minimal inhibition of the major cytochrome P450 isoforms. These data supported further clinical evaluation of brigatinib in patients with *ALK*-rearranged tumors.[@b14-ott-10-1983]

Clinical data
=============

Phase I/II trial data
---------------------

A single-arm, open-label, Phase I/II trial of brigatinib was recently reported.[@b15-ott-10-1983] The Phase I dose escalation was performed in patients with advanced malignancies, with the primary objective of establishing the recommended Phase II dose. The Phase I escalation dosing of the drug ranged from 30 to 300 mg daily. Dose-limiting toxicities were seen at 240 and 300 mg daily, and the recommended Phase II dose was determined to be 180 mg daily. Of note, given the concern for early pulmonary toxicity (occurring within the first 7 days of therapy, discussed more extensively later in this review) at 180 mg, two additional regimens were assessed: 90 mg once daily and 180 mg once daily with a 7-day lead-in at 90 mg daily. The primary objective of the Phase II study was to determine the efficacy with the primary endpoint of best objective response to therapy. The Phase II component of the study was divided into five histologically and molecularly defined cohorts where three oral once-daily regimens were assessed: 90, 180, and 180 mg with a 7-day lead-in at 90 mg daily.

The five cohorts enrolled in the expansion Phase II and their respective objective response rates (ORRs) were as follows: cohort 1, ALK-inhibitor-naïve, *ALK*-rearranged NSCLC patients with an ORR of 100% (4/4); cohort 2 -- prior crizotinib-treated, *ALK*-rearranged NSCLC patients with an ORR of 74% (31/42); cohort 3 -- *EGFR*^T790M^ NSCLC patients with resistance to one prior EGFR TKI with an ORR of 0% (0/1); cohort 4 -- patients with other cancers with *ROS1*, *EGFR* alterations with an ORR of 17% (3/18); and cohort 5 -- crizotinib-naïve or crizotinib-treated, *ALK*-rearranged NSCLC with active, measurable, intracranial metastases with an ORR of 50% (3/6).

Among patients who had previously received crizotinib (Phases I and II combined), 72% (51/71) had an objective response ([Table 1](#t1-ott-10-1983){ref-type="table"}). The median progression-free survival (PFS) in crizotinib-pretreated patients was 13.2 months (9.1--18.7).[@b15-ott-10-1983] Among crizotinib-naïve patients (four patients in Phase I and four patients in Phase II), 100% (8/8) achieved confirmed objective responses, including three complete responses (CRs).[@b15-ott-10-1983] The median duration of treatment for patients with *ALK*-rearranged NSCLC was 15.4 months (7.1--20.9).

In the same Phase I/II trial, 50 patients with *ALK*-rearranged NSCLC (50/79; 63%) had brain metastases at baseline. Of the 50 patients with brain metastases, 23 had previously untreated brain metastases (23/50; 46%). In a post hoc analysis, 46/50 (92%) of patients with brain metastases had magnetic resonance imaging (MRI) of the brain 1 month prior to beginning therapy with brigatinib and at least one follow-up MRI brain to allow for the assessment of intracranial response, with a median follow-up of 17.5 months.

Of the 46 patients with baseline brain metastases who had MRI 1 month prior to starting treatment, 33% (15/46) had measurable central nervous system (CNS) metastases with an objective intracranial response rate of 53% (8/15; [Table 1](#t1-ott-10-1983){ref-type="table"}). Also, 67% (31/46) had nonmeasurable intracranial metastases with an objective intracranial response rate of 35% (11/31). The median intracranial PFS for all 46 evaluable patients (measurable and nonmeasurable intracranial disease) was 15.6 months (13.0--not reached).[@b15-ott-10-1983] Recently presented updated response data showed an 18.4-month median intracranial PFS in *ALK*-rearranged NSCLC patients with CNS metastases.[@b16-ott-10-1983]

Ongoing clinical trials
-----------------------

The ALK in Lung Cancer Trial of brigatinib (ALTA, [ClinicalTrials.gov](http://ClinicalTrials.gov) number NCT02094573) is a randomized, Phase II, open-label, multicenter, international study designed to evaluate the efficacy and safety of two different dosing regimens of brigatinib (90 mg daily and 180 mg daily with a 7-day lead-in of 90 mg) in patients with *ALK*-rearranged, locally advanced or metastatic NSCLC, who have previously been treated with crizotinib. Patients were stratified by the presence of brain metastases at baseline and the best response to prior crizotinib, and were randomized 1:1 to receive oral brigatinib at 90 mg daily (arm A) or 90 mg daily for 7 days followed by 180 mg daily (arm B). The primary endpoint was investigator-assessed confirmed ORR. The secondary endpoints included PFS and independent review committee-assessed confirmed ORR and CNS response/PFS. The randomized, Phase II design was not intended for statistical comparisons between arms; however, post hoc comparisons performed on progression free survival (PFS) and overall survival (OS) were used to support dose selection.

An interim analysis of this study was presented in 2016 by Kim et al.[@b24-ott-10-1983] A total of 112 patients were randomized to arm A and 110 patients to arm B. Approximately 70% of the patients in both groups had brain metastases. As of February 29, 2016, the investigator-assessed ORR in arm A was 45% (95% confidence interval (CI): 34--56) including one confirmed CR. The ORR in arm B was 54% (95% CI: 43--65) including four confirmed CRs ([Table 1](#t1-ott-10-1983){ref-type="table"}). Responses included a confirmed partial response in arm B in a patient with G1202R mutation at baseline. The median PFS in arm A was 9.2 months and in arm B was 12.9 months. Among patients with measurable, active brain metastases at baseline (defined as lesions with no prior radiotherapy or those with progression after radiotherapy), the intracranial ORR was 36% at 90 mg and 67% at 180 mg.[@b17-ott-10-1983] This study recently completed accrual with an estimated primary completion date of November 2017.

ALTA-1L ([ClinicalTrials.gov](http://ClinicalTrials.gov) number NCT02737501) is an ongoing Phase III head-to-head trial of brigatinib versus crizotinib in the first-line setting with an estimated primary completion date of April 2019. Also planned and not yet open for enrollment is a Phase II study ([ClinicalTrials.gov](http://ClinicalTrials.gov) number NCT02706626) of brigatinib in patients with progression of disease on the second-generation ALK TKIs, ceritinib and alectinib. The results of this trial may help elucidate a population of patients in which brigatinib could become a rational second- or third-line treatment option.

Activity by mutation status and acquired resistance to brigatinib
-----------------------------------------------------------------

Using next-generation sequencing (NGS) of tumor tissue collected from the Phase I/II and ALTA trials, Gettinger et al[@b18-ott-10-1983] characterized the activity of brigatinib in patients who progressed on crizotinib according to *ALK* mutation status in the context of concurrent ALK fusion. Tumor samples were analyzed using the FoundationOne NGS platform. A total of 32 samples collected after progression on crizotinib and prior to brigatinib treatment were analyzed and nine patients with secondary *ALK* mutations were found (F1174L, S1206F, G1269A, L1196M, G1202R, F1245V). Confirmed ORR in patients with known secondary *ALK* kinase domain mutations was 67% (6/9).

In the same study by Gettinger et al, a total of six samples were evaluated by NGS from patients after progression on brigatinib and five had detectable secondary mutations in the *ALK* kinase domain. Three patients had complex mutation patterns with compound mutations and one *BRAF* G469A driver mutation in conjunction with an *ALK* G1202R mutation.[@b18-ott-10-1983] A similar analysis was performed by Gainor et al, where 103 repeat biopsies from *ALK*-rearranged NSCLC patients progressing on a variety of ALK inhibitors were evaluated ([Table 2](#t2-ott-10-1983){ref-type="table"}).[@b19-ott-10-1983] Six patients underwent biopsies following progression on brigatinib. Five of six patients previously received crizotinib. None of these patients had received another second-generation ALK inhibitor. The median duration of treatment was 20.2 months (12.1--44.4). None of the patients had intrinsic resistance to brigatinib. *ALK* resistance mutations were seen in 71% of brigatinib-resistant specimens. The most common *ALK* resistance mutation was G1202R, which was observed in three specimens (one with CNS progression). The other patients had *ALK* E1210K, D1203N, or S1206Y/C mutations.

Safety profile
--------------

With regard to the Phase I/II trial previously discussed, patients received 30--300 mg of brigatinib in the initial dose-escalation stage. Dose-limiting toxicities observed during the dose-escalation phase included grade 3 increased alanine aminotransferase at 240 mg daily and grade 4 dyspnea at 300 mg daily. The decision was made to restart dose escalation at 90 mg daily and was escalated to 240 mg, including twice-daily regimens. The maximum tolerated dose was not formally established as specified in the protocol, and the study authors initially chose to move the 180 mg daily dose forward as the recommended Phase II dose based on the absence of dose-limiting toxicities, preliminary activity, and pharmacokinetic profiles.[@b15-ott-10-1983] The most common treatment-emergent adverse events included nausea (53%), fatigue (43%), diarrhea (41%), headache and cough (39%), predominantly grades 1 and 2. The most common grade 3--4 treatment-emergent adverse events across all doses (Phases I and II) were increased lipase (9%), dyspnea (6%), and hypertension (5%). Serious treatment-emergent adverse events were dyspnea (7%), pneumonia (7%), and hypoxia (5%).

A subset of pulmonary events, including dyspnea and hypoxia, were observed to occur within 7 days of treatment initiation or reinitiation following a prolonged period of dose interruption. Most events occurred within 2 days of dosing and were managed with dose interruption and empiric treatment with steroids and antibiotics. Rates of these events were lower with lower starting doses. Fourteen percent of events occurred in patients starting on 180 mg daily dosing and only 2% in patients starting with 90 mg daily dosing.

In an effort to better understand the early pulmonary toxicity, two other dosing regimens were explored at 90 mg daily and 180 mg daily, with a 7-day lead-in at 90 mg daily. Among 32 patients treated with a loading dose of 90 mg daily for 7 days followed by 180 mg daily, no such events were reported after dose escalation. Sixteen patients (12%, 16/137) died during treatment or within 31 days of the last dose of brigatinib. Eight patients (6%, 6/137) died from progression of disease. Of the eight remaining patients, three were judged by the investigator as at least possibly related to treatment.[@b15-ott-10-1983] Treatment-emergent adverse events of brigatinib and other ALK TKIs are reviewed in [Table 3](#t3-ott-10-1983){ref-type="table"}.

Discussion
==========

Brigatinib is a next-generation ALK inhibitor with broad activity against several acquired resistance mutations that can emerge after treatment with other ALK TKIs. The drug has clear activity in patients with *ALK*-rearranged lung cancers previously treated with crizotinib, with response rates of 54%--72%, intracranial response rates of 53%--67%, and a median PFS of between 12.9 and 13.2 months based on Phase I and II trial data. Brigatinib received breakthrough designation therapy from the US Food and Drug Administration based on this data, and was granted orphan designation for the treatment of *ALK*-rearranged NSCLCs.

Considering the current therapeutic landscape for *ALK*-rearranged lung cancers where crizotinib is approved as frontline therapy, and alectinib and ceritinib are approved post crizotinib, the prospect of brigatinib receiving approval post crizotinib raises the question as to which of the three TKIs to choose in the second-line setting. From an activity perspective, brigatinib seems to have the broadest in vitro coverage against potential mechanisms of resistance to therapy mediated by the acquisition of an *ALK* mutation and would not be an unreasonable choice over alectinib and ceritinib. Furthermore, recognizing the substantial limitations of cross-trial comparisons, the median PFS achieved with brigatinib is numerically increased in comparison with the activity achieved with alectinib and ceritinib post crizotinib. From a safety perspective, ceritinib has the highest incidence of clinically significant drug-related adverse events of the three drugs and is viewed by many practitioners as the least preferable TKI from a safety standpoint. In contrast, alectinib is perceived, in general, as a tolerable therapy, and the more widespread adoption of brigatinib will hinge on physicians' level of comfort with the drug's profile of pulmonary toxicity and the recommended dosing of 90 mg initially, followed by 180 mg thereafter.

The targeted therapy space for *ALK*-rearranged lung cancers continues to evolve rapidly, however, and the role of brigatinib is likely to be impacted by a number of factors. Recently presented data from the J-ALEX study in Japan of alectinib versus crizotinib in ALK inhibitor-naïve, *ALK*-rearranged NSCLC patients showed improved PFS with alectinib compared to crizotinib.[@b20-ott-10-1983] Based on the J-ALEX data and further confirmation from the ALEX study, there is a possibility that alectinib will be approved in the frontline setting, effectively replacing crizotinib as the first-line standard of care. This would open up room for brigatinib as a potential second-line therapy in patients with progression of disease on alectinib; however, *ALK* G1202R mutations are predicted to emerge in a substantial proportion of tumors post alectinib, and other drugs with possibly improved *ALK* G1202R coverage, such as lorlatinib, are currently in development. A planned trial of brigatinib in patients with *ALK*-rearranged NSCLC who have previously been treated with second-generation ALK inhibitors (NCT02706626) may help elucidate the role of brigatinib in the post-alectinib setting.

In the first-line setting, we hypothesize that brigatinib may, similar to alectinib, offer increased duration of disease control compared to crizotinib, secondary to delaying the onset of resistance and possibly improved intracranial disease control. A pivotal Phase III study (ALTA-1L) is currently underway (NCT02737501) to investigate the activity of the drug in treatment-naïve patients.

We envision a molecularly driven approach to the treatment of *ALK*-rearranged NSCLC patients, where patients' tissue samples are sequenced at baseline and at the time of progression on ALK TKIs in an effort to select the next best therapy based on *ALK* secondary acquired resistance mutations or other genomic alterations that emerge. The availability of multiple drugs will allow the clinician to sequence these therapies in an effort to prolong disease control, assuming that tumors remain dependent on signaling through ALK. Shaw et al recently reported the resensitization to crizotinib by lorlatinib *ALK* resistance mutation L1198F.[@b21-ott-10-1983] This exciting finding reveals the complexity of determining proper drug sequencing, with the ability to potentially revisit a previously used ALK inhibitor should the molecular profile suggest activity. As this space continues to evolve rapidly, the treatment landscape for *ALK*-rearranged NSCLC will continue to change. The biology will continue to predict response to therapy and this will guide the development and sequencing of brigatinib and other ALK TKIs.

Conclusion
==========

Brigatinib is a potent ALK inhibitor with activity against select ALK TKI-induced *ALK* secondary resistance mutations. It is active in patients with *ALK*-rearranged lung cancers who previously received crizotinib, and good intracranial disease control has been reported. Early pulmonary toxicity has been observed, prompting the choice to dose the drug at a 90 mg 7-day lead-in, followed by 180 mg daily. A randomized Phase III study of brigatinib versus crizotinib in ALK inhibitor-naïve, *ALK*-rearranged lung cancer patients is currently underway. Further clinical trials, utilizing both cell free DNA plasma-based and tissue-based biomarkers, are needed to better understand resistance mechanisms and to help correctly sequence the multiple ALK-directed therapies that are currently at our disposal.
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![The *EML4--ALK* rearrangement and downstream signaling.\
**Notes:** ALK is a tyrosine kinase-containing receptor. *EML4* and *ALK* are both found on the short arm of chromosome 2. The N-terminal portion of *EML4* inverts and fuses to the intracellular region of *ALK*, forming the most common *ALK* rearrangement. The breakpoint within *ALK* is relatively conserved, occurring close to the 5′ end of exon 20. The fusion breakpoints within *EML4* are more variable. Other upstream partners of ALK are not shown in this diagram. Typically, the extracellular domain and transmembrane helix are excluded from the resultant chimeric oncoprotein, incorporating only the cytoplasmic portion of ALK containing the tyrosine kinase domain. As ALK belongs to the insulin receptor superfamily, its tyrosine kinase domain shows homology to IGF-1R, and these receptors share overlapping growth pathway dependencies. ALK can signal by the RAS--MAPK, PI3K--mTOR, PLCγ, RAP1, JAK-STAT, and JUN pathways, leading to increased cell proliferation and survival.\
**Abbreviation:** ALK, anaplastic lymphoma kinase.](ott-10-1983Fig1){#f1-ott-10-1983}

![Brigatinib structure.\
**Notes:** Brigatinib is constructed around a bisanilinopyrimidine scaffold. This scaffold occupies the ATP-binding site of ALK in a U-shaped conformation. Two aniline groups attached on the C2 and C4 positions of the pyrimidine core are shown in red. The methoxy and extended solubilization groups bind to a pocket located under the hinge residue L1198 of ALK and part of the ribose binding pocket, respectively. A chlorine atom at C5 interacts with the gatekeeper residue L1196. The inclusion of the phosphorous-containing DMPO group was incorporated as a hydrogen bond acceptor on the C4 aniline, as shown in blue, and was found to increase activity against ALK by \~7-fold relative to the unsubstituted analog.\
**Abbreviations:** ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; DMPO, dimethylphosphine oxide.](ott-10-1983Fig2){#f2-ott-10-1983}

###### 

Clinical outcomes of brigatinib, alectinib, and ceritinib after crizotinib treatment in patients with ALK-rearranged lung cancers

                                                                Brigatinib                                                               Alectinib                       Ceritinib                                                                                                                                 
  ------------------------------------------------------------- ------------------------------------------------------------------------ ------------------------------- ------------------------------------------------------------------------- ------------------------------- ------------------------------- -------------------------------
  ORR                                                           72% (95% CI: 60--82) n=51/71                                             54% (95% CI: 44--63) n=59/110   48% (95% CI: 36--60)[a](#tfn1-ott-10-1983){ref-type="table-fn"} n=33/69   50% (95% CI: 41--59) n=61/122   56% (95% CI: 49--64) n=92/163   36% (95% CI: 30--47) n=50/140
  Median PFS 95%CI                                              13.2 months (9.1--18.7)                                                  12.9 months (11.1--NR)          8.1 months (6.2--12.6)                                                    8.9 months (5.6--11.3)          6.9 months (5.6--8.7)           5.7 months (5.4--7.6)
                                                                                                                                                                                                                                                                                                                   
                                                                **Intracranial activity**                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                   
  Intracranial ORR[c](#tfn3-ott-10-1983){ref-type="table-fn"}   53% (95% CI: 27--79)[b](#tfn2-ott-10-1983){ref-type="table-fn"} n=8/15   67% (95% CI: 41--87) n=12/18    75% (95% CI: 48--93) n=12/16                                              57% (95% CI: 39--74) n=20/35    36% (NA) n=10/28                NA
  Intracranial DCR[d](#tfn4-ott-10-1983){ref-type="table-fn"}   91%[a](#tfn1-ott-10-1983){ref-type="table-fn"} (NA) n=42/46              86% (NA) n=62/72                89% (95% CI: 77--96) n=46/52                                              83% (95% CI: 74--91) n=69/84    65% (95% CI: 54--76) n=49/75    NA

**Notes:**

In the Phase II, single-institution alectinib study, 87 patients were included in the ITT population and only 69 had measurable disease.

In the Phase I/II brigatinib study, 42 of 46 (91%) patients with intracranial CNS metastases had received previous crizotinib.

Intracranial ORR in patient with measurable baseline CNS metastases.

Intracranial DCR in all patients with measurable and nonmeasurable diseases.

**Abbreviations:** CI, confidential interval; CNS, central nervous system; DCR, disease control rate; ITT, intention to treat; NA, not available; NR, not reached; ORR, overall response rate; PFS, progression-free survival.

###### 

Brigatinib activity against various *ALK* mutations

  ALK mutation      Gainor et al, cancer discovery 2016[@b19-ott-10-1983]   Zhang et al, AACR 2015 abstract 781[@b26-ott-10-1983]                          
  ----------------- ------------------------------------------------------- ------------------------------------------------------- ----- ---- ----- ----- -----
  EML4--ALK         5                                                       11                                                      11    2    37    25    14
  C1156Y            5                                                       12                                                      5     5    195   67    45
  l1171N            8                                                       398                                                     26    49   119   724   124
  l1171S            4                                                       177                                                     18    30   ND    ND    ND
  l1171T            4                                                       34                                                      6     12   ND    ND    ND
  F1174C            38                                                      27                                                      18    8    109   31    58
  F1174L            ND                                                      ND                                                      ND    ND   117   44    55
  F1174V            ND                                                      ND                                                      ND    ND   121   46    64
  V1180L            ND                                                      ND                                                      ND    ND   16    597   11
  L1196M            9                                                       118                                                     27    34   67    133   41
  L1198F            196                                                     42                                                      14    15   697   84    82
  L1152R            ND                                                      ND                                                      ND    ND   437   62    11
  L1152p            ND                                                      ND                                                      ND    ND   451   48    20
  G1202R            124                                                     707                                                     130   50   354   690   184
  G1202R del        50                                                      59                                                      96    5    ND    ND    ND
  D1203N            35                                                      28                                                      35    11   159   42    79
  E1210K            6                                                       32                                                      24    2    80    59    107
  G1269A            0                                                       25                                                      ND    10   29    56    9
  D1203N + F1174c   238                                                     75                                                      123   70   ND    ND    ND
  D1203N + E1210K   98                                                      83                                                      136   27   ND    ND    ND
  T1151Tins         ND                                                      ND                                                      ND    ND   283   201   114

  ------------------- --------------------- -------------------- ----------------------
  **ND = not done**   **IC~50~** \<**50**   **IC~50~ 50--200**   **IC~50~** \>**200**
  ------------------- --------------------- -------------------- ----------------------

**Notes:** The in vitro activity of brigatinib is shown relative to the *ALK* inhibitors alectinib, ceritinib, and brigatinib. Results from two independent studies are summarized in this table.

**Abbreviations:** AACR, American Association of Cancer Research; ALK, anaplastic lymphoma kinase.

###### 

AEs observed with brigatinib, alectinib, and ceritinib

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                            Most common AEs          Most common G3--4 AEs   G3--4 AEs      Serious AEs       Discontinuation due to AEs   Dose reduction due to AEs   Treatment-related deaths
  ----------------------------------------- ------------------------ ----------------------- -------------- ----------------- ---------------------------- --------------------------- --------------------------
  **Brigatinib**                                                                                                                                                                       

  Phase I/II[@b15-ott-10-1983]              Nausea (53%)\            ↑ Lipase (9%)\          64% (36% TR)   Dyspnea (7%)\     9%                           15%                         3\
                                            Fatigue (43%)\           Dyspnea (6%)\                          Pneumonia (7%)\                                                            Sudden death\
                                            Diarrhea (41%)           Hypertension (5%)                      Hypoxia (5%)                                                               Hypoxia\
                                                                                                                                                                                       Unknown cause

  Phase II[@b17-ott-10-1983]                Nausea (40%)\            ↑ CPK (8%)\             n/a            n/a               8%                           20%                         n/a
                                            Diarrhea (38%)\          Hypertension (5%)\                                                                                                
                                            Cough (34%)              Pneumonia (5%)                                                                                                    

  **Alectinib**                                                                                                                                                                        

  Phase II global[@b24-ott-10-1983]         Constipation (33%)\      Dyspnea (3%)\           n/a            n/a               8%                           21%                         1\
                                            Fatigue (26%)\           Fatigue (1%)\                                                                                                     Intestinal perforation
                                            Peripheral edema (25%)   Headache (1%)                                                                                                     

  Phase II single group[@b23-ott-10-1983]   Constipation (36%)\      ↑ CPK (8%)\             n/a            15%               2%                           16%                         1\
                                            Fatigue (33%)\           ↑ ALT (6%)\                                                                                                       Hemorrhage
                                            Myalgia (24%)            ↑ AST (5%)                                                                                                        

  **Ceritinib**                                                                                                                                                                        

  Phase I[@b25-ott-10-1983]                 Diarrhea (86%)\          ↑ ALT (30%)\            81%\           48%\              11%                          62%                         2\
                                            Nausea (81%)\            Diarrhea (6%)\          TR (51%)       TR (12%)                                                                   ILD\
                                            Vomiting (61%)           Hyperglycemia (6%)                                                                                                Ischemic hepatitis

  Phase II[@b26-ott-10-1983]                Nausea (81%)\            n/a                     n/a            n/a               8%                           n/a                         n/a
                                            Diarrhea (80%)\                                                                                                                            
                                            Vomiting (63%)                                                                                                                             
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AEs, adverse events; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CPK, creatine phosphokinase; ILD, interstitial lung disease; n/a, not available; TR, treatment related; G3--4, grades 3--4.
